Background. Cerebral malaria (CM) and severe malarial anemia (SMA) account for a substantial proportion of malaria-related deaths in sub-Saharan Africa. However, postdischarge morbidity in children with CM or SMA has not been well established.
INTRODUCTION
Cerebral malaria (CM) and severe malarial anemia (SMA) are important manifestations of severe malaria. It is estimated that 6 million African children per year develop CM or SMA [1] . Cerebral malaria is the most lethal manifestation of severe malaria; it causes an inpatient case-fatality rate of 15% to 20% [2] . However, SMA is the most common presentation and affects 7.5% to 34% of children who acquire severe malaria [3] [4] [5] . Estimates of deaths caused by CM or SMA are imprecise, but they might account for more than half of all malaria-related deaths in malaria-endemic regions of sub-Saharan Africa [1, 6] .
Although their clinical manifestations differ, survivors of CM and SMA both suffer significant postdischarge morbidity. Of children with CM, 11% to 26% are discharged with gross neurological deficits [7] [8] [9] , and another 25% develop longterm cognitive, motor, or behavior impairments [2, 10, 11] .
Similarly 10% to 16% of SMA survivors die or are readmitted 3 to 6 months after discharge from a hospital [12] [13] [14] , and the long-term overall cognitive impairment in children with SMA approaches that of children with CM [15] .
Studies of severe anemia in African children, which is caused most often by malaria, have found higher rates of readmission and death in these children than in nonanemic children [4, 12, 13, 16] . However, there are few data on rates of postdischarge sick visits, outpatient malaria, readmission, and death in children with CM or specifically with SMA (as opposed to all-cause severe anemia). In this study, we aimed to characterize and compare rates of outpatient sick visits and hospitalizations, including sick visits or hospitalizations that resulted from malaria, in children with SMA or CM in the first 6 months after discharge and in healthy children recruited from the community (CC). defined per World Health Organization (WHO) criteria, which include coma (Blantyre Coma Score, ≤2), blood smear-positive test for Plasmodium falciparum, and no other known cause of the coma (e.g., meningitis, prolonged postictal state, or hypoglycemia-associated coma reversed by glucose infusion). Malarial retinopathy was assessed in 155 of the 162 children with CM and was present in 61% of them. Because the current WHO definition of CM does not include retinopathy as a criterion, all children with WHO-defined CM were included in our analysis. Severe malarial anemia was defined as the presence of P falciparum on a blood smear in children with a hemoglobin level of ≤5 g/dL. Children with CM or SMA were managed according to the Ugandan Ministry of Health treatment guidelines current at the time of the study. These guidelines included intravenous quinine treatment followed by oral quinine for severe malaria while admitted and artemisinin combination therapy for outpatient follow-up therapy. All children with a hemoglobin level of ≤5 g/dL received a blood transfusion.
CC were recruited from the nuclear family, extended family, or household compound of children with CM or SMA. Eligible CC were 18 months to 12 years of age and healthy at the time of enrollment. To recruit CC, parents of children with CM or SMA were provided information about the study and asked to bring any eligible children to the clinic for evaluation. Parents of children in the household compound of a child with CM or SMA were also notified about the study during a home visit. During home visits, study personnel verified that all CC were from the family or household compound as an original child with CM or SMA. Children were enrolled if they met the inclusion criteria and did not meet exclusion criteria. Exclusion criteria for children with CM included having a known chronic illness that required medical care, a known developmental delay, or a previous history of coma, head trauma, hospitalization for malnutrition, or cerebral palsy. In addition, children with SMA were excluded if they had impaired consciousness on physical examination, other clinical evidence of central nervous system disease, or >1 seizure before admission. Exclusion criteria for the CC included having an illness that required medical care within the previous 4 weeks or major medical or neurological abnormalities on screening physical examination.
A subgroup of participants in the primary study was enrolled in a study of acute or delayed iron treatment for children with severe malaria and iron deficiency. Because iron treatment can affect risk of clinical malaria [17] , these children were excluded from this study. Children in this study who had a hemoglobin level of <7 g/dL at discharge were prescribed iron treatment for 1 month, but whether they purchased and/or consumed the recommended iron treatment was not known. Children with sickle cell disease (confirmed by genotyping) were also excluded from this study, because they are known to have a higher risk of readmission than children without sickle cell disease.
Clinical and Demographic Assessment
Each child underwent a medical history and physical examination. Children with CM were assessed by indirect ophthalmoscopy for malarial retinopathy [18] . Their nutrition was assessed by height-and weight-for-age z scores (Epi Info 3.5.3, Centers for Disease Control and Prevention, Atlanta, Georgia). Emotional stimulation in the home was measured by age-appropriate versions of the Home Observation for the Measurement of the Environment measure [19] . Their socioeconomic status was measured using a previously described scoring system in which lower scores have been associated with worse cognitive functioning in healthy Ugandan children ≥5 years old [20] . From 2011 onward, a Garmin global positioning system (GPS) was used to locate the homes of study participants and determine their distance from the hospital.
Follow-Up
All study children received an insecticide-treated bednet at the start of the study. All study children were asked to return to the hospital for a follow-up visit in 6 months, and caregivers of all study children were asked to bring the children back to Mulago National Referral Hospital whenever they became sick in the follow-up period. During each hospital visit, children were assessed and managed by study clinicians per national guidelines. All hospital visits and admissions to Mulago National Referral Hospital were recorded, and a blood smear was performed to test for malaria in children who presented with a history of fever or had fever on examination.
Statistical Analysis
Demographics among the 3 groups were compared using the Pearson χ 2 and Wilcoxon rank-sum tests. The incidence of clinic events (outpatient clinic visits, hospitalization, or deaths) was calculated and compared to the incidence in the CC by negative binomial regression, with adjustment for age, sex, and weightfor-age z scores, which differed significantly between the study groups. Negative binomial regression was used because of significant overdispersion in the incidence rates. Hazard ratios (HRs), adjusted for age, sex, and weight-for-age z scores using Cox regression, were calculated. Incidence rate ratios (IRRs) and HRs cannot be computed when there are no events in 1 of the groups. Because there were no readmissions in the CC groups, we calculated the IRRs and HRs for readmissions comparing children with CM or SMA with CC by imputing 1 admission to the CC group.
Ethical Review
Written informed consent was obtained from the parents or guardians of study participants. Ethical approval was granted by the institutional review boards for human studies at Makerere University and the University of Minnesota.
RESULTS

Demographic and Clinical Characteristics
A total of 433 children were discharged and eligible for analysis in this study. Of these children, 412 (95.2% [153 CM, 129 SMA, and 130 CC]) completed a 6-month follow-up examination ( Figure 1 ). Twenty-six percent (42 of 162) of the children with CM had concurrent SMA. Concurrent SMA did not modify the effect of CM on any outcome, so the children with CM were assessed as a single group regardless of whether they had concurrent SMA. The children with SMA were younger than the children with CM or the CC, whereas children with CM were more likely to be male, and the children with CM or SMA had lower weight-for-age z scores, which is a marker of wasting and malnutrition (Table 1) . Overall, 5.3% of the children were carriers of the sickle cell gene (HbAS). The CC were more likely to be carriers of the sickle cell gene than children with CM or SMA, which confirms the protective nature Distance from the child's household to Mulago National Referral Hospital was calculated for 177 children, and distances from the hospital were similar among the 3 groups (P > .5 for all comparisons).
Deaths During the Follow-Up Period
Four children died during the 6 months of follow-up, including 1 (0.6%) of the 162 children with CM, 3 (2.2%) of the 138 children with SMA, and none of the 132 CC (Figure 1 ).
Incidence and Risk of Hospitalization and Outpatient Clinic Visits
A total of 18 children (5 with CM, 13 with SMA) were hospitalized during the study period; 15 of these children were hospitalized once, 2 were hospitalized twice, and 1 were hospitalized thrice. Eighty children (35 with CM, 33 with SMA, and 12 CC) made clinic visits; 63 of them made 1 clinic visit, 16 made 2 visits, and 1 made 3 visits. The unadjusted incidence of all-cause hospitalizations, hospitalizations that resulted from malaria, and all-cause clinic visits were each significantly higher in children with SMA or CM than in the CC ( Table 2 ). The children with SMA or CM had 24.4 and 6.0 hospitalizations per 100 person-years, respectively, whereas the CC had no hospitalizations in the entire 6-month follow-up period (P < .001 for children with SMA compared with CC, P = .049 for children with CM compared with CC). The incidence of clinic visits because of malaria was significantly higher in children with SMA than in the CC but not in children with CM than in the CC (Table 2) . In unadjusted analysis, children with CM or SMA had a statistically significantly shorter time to their first clinic visit for any cause than the CC and a shorter time to their first hospitalization for malaria than the CC (Figures 2-4) . Compared to the CC, time to first clinic visit for malaria was statistically significantly shorter in children with SMA but not in those with CM ( Figure 5 ).
Because the CC had no hospitalizations, HRs and IRRs were calculated by imputing 1 hospitalization to the CC group. Adjusted HRs for hospitalization or hospitalization that resulted from malaria were higher in the children with CM or SMA than in the CC, but the difference achieved statistical significance only in children with SMA (Table 3 ). The adjusted HR of a clinic visit for any cause remained significantly higher in children with CM or SMA than in the CC, but the adjusted risk of a clinic visit for malaria was higher only in children with SMA than in the CC (Table 3) .
Similar results were found for IRRs; adjusted IRRs for hospitalization and hospitalization with malaria were higher in the children with CM or SMA than in the CC but were statistically significant only in children with SMA. The adjusted IRRs for all-cause clinic visits were increased significantly in children with CM or SMA compared with that in the CC, but clinic visits that resulted from malaria were not increased significantly for children with CM or SMA (Table 4) . Incidence, risk, and unadjusted and adjusted IRRs or HRs for hospitalizations and clinic visits did not differ significantly among the children with CM and those with SMA (data not shown).
DISCUSSION
In this study, we found that children with SMA are at an increased risk of all-cause and malaria-specific hospitalization and outpatient sick visits in the first 6 months after discharge and that children with CM have the same trends in increased risk of hospitalization and have a significantly increased risk of outpatient sick visits. Our study findings establish that, compared with CC, children with SMA have a particularly high risk of postdischarge readmission, and children with CM are at a higher risk of postdischarge outpatient illness and also might have a higher risk of readmission. None of the CC required readmission, so we had to artificially increase the number of readmissions to 1 in the CC group to calculate HRs and IRRs. This adjustment moved comparisons between disease groups and CC toward the null hypothesis, so differences in the adjusted analyses were likely more pronounced for children with CM or SMA than the differences in our analysis. Ninety percent of hospitalizations and almost 60% of the outpatient visits were a result of malaria. Together, these findings support the use of malaria prophylaxis in children with SMA to reduce readmissions and outpatient illness caused by malaria and suggest that malaria prophylaxis might be useful in other forms of severe malaria, such as CM, to prevent outpatient illness and readmission caused by malaria.
Studies in Malawi [12] and Kenya [13, 14] also found increased mortality rates in children with all-cause severe anemia. The mortality rate in children with SMA in our study over 6 months of follow-up was lower (2.1%) than those in the other studies, although those studies had different follow-up times (Kenya, 13% over 8 weeks; Malawi 12.6% over 18 months). The use of artemisinin combination therapy in this study as standard-of-care first-line treatment for malaria likely contributed to some of the difference in mortality findings from these earlier studies; a subsequent study in Malawi of malaria prophylaxis for severe malaria [21] found a 2% mortality rate in the placebo group, a rate similar to that seen in our study. It was critical for the study to have CC with malaria exposure that was similar to that of the children with CM or SMA, so children were recruited from the family or extended household of a child with CM or SMA. A 1:1 matched design in which each CC was age-matched to each child with CM or SMA would have helped us to control more definitively for exposure, but matching according to age range was necessary, because it was not possible to find age-matched children in the same household as each index case child, and it was not possible within funding constraints to recruit a control for each child with CM or SMA. Instead, we recruited a total number of CC that was similar to the total with CM or SMA. However, the CC were recruited equally from the households of children with CM and those with SMA, so it is likely that overall malaria exposure in the CC was similar that of the CM and SMA groups.
The exclusion of children <18 months old from the study might have led to many younger children, who are generally more prone to malarial attacks, particularly SMA, not being included [6, 22] . Also, as part of this study, all the children were provided with insecticide-treated bednets and were facilitated by the study to get medical care whenever they were ill. Given the prevailing low level of net coverage and poor access to care in Uganda [23] , under nonstudy conditions, the postdischarge morbidity rate would likely have been higher. The pathophysiological mechanisms for the high incidence of postdischarge morbidity in survivors of severe malarial forms such as SMA and CM are unclear. It has been reported that children with severe malaria have continued dyserythropoiesis and bone marrow suppression that lasts for several weeks, even after the initial clearance of parasitemia [24, 25] . This bone marrow suppression can impair a child's ability to respond effectively to repeat malarial attacks or other bacterial infections in the postdischarge period, which makes the child more prone to illnesses that require clinic visits and even hospitalizations. It is also possible for malaria to combine with underlying conditions, such as malnutrition or iron and other micronutrient deficiencies, to produce more severe disease. Thus, the cause of illness that leads to readmission in these children might be multifactorial, but with malaria present in ∼90% of readmissions, it is clearly a driving factor in readmissions in these children.
Postdischarge morbidity in survivors of severe malaria might also be attributable to recrudescence of uncleared parasitemia [26] , untreated bacteremia during the malaria episode [27] , or coinfection with human immunodeficiency virus (HIV). However, none of these problems was likely a major cause of postdischarge morbidity in our study population. In this study, after initial parenteral quinine, all children were put on artemether-lumefantrine, a highly efficacious antimalarial that confers a low risk of recrudescence after treatment [26] . Most children with CM were empirically started on broad-spectrum antibiotics at admission, whereas children with SMA who had clinical signs of pneumonia or sepsis were also treated presumptively with antibiotics, and all children whose blood culture was positive were treated with antibiotics. Therefore, it is unlikely that untreated bacteremia was responsible for postdischarge morbidity in this study. HIV infection has been associated with poor postdischarge outcomes in children with severe malaria [28, 29] , but in this study, only 2.1% of all the study children were HIV positive, and none of these children were readmitted.
Regardless of the pathophysiological mechanism involved, the results of this study add to those of previous studies of severe anemia to suggest that postdischarge morbidity in children with severe malaria, not only SMA but also CM, is high. There is an urgent need to develop guidelines for the postdischarge management of survivors of severe malaria. A recent study found that prophylaxis with artemether-lumefantrine in Malawian children with severe anemia decreased deaths or readmissions caused by severe anemia or malaria by 31% [21] and decreased clinic visits for malaria by 26% during 6 months of follow-up. Future studies should assess whether such interventions should be extended to children with CM and other forms of severe malaria.
In conclusion, in the 6 months after discharge, children with SMA or CM are at increased risk for outpatient morbidity that requires medical evaluation, and children with SMA and possibly CM are at an increased risk for readmission. Outpatient and inpatient illness in these children is largely caused by malaria. Postdischarge malaria prophylaxis has the potential to decrease postdischarge morbidity in children with CM or SMA. Additional studies are needed to elucidate what predisposes survivors of severe malaria to continued postdischarge morbidity.
Notes
